Abstract
Introduction
There is a dichotomy in much of the thinking about development, caused by the dominant position of fossil fuels in the supply of energy. The dichotomy arises because, in general, economic development is associated with greater levels of energy consumption, but that in turn means that there is a conflict between development and the desire to reduce emissions. The Indian position presented to the 21 st Conference of Parties held in Paris in November 2015 [1] illustrates the difficulties faced in trying to achieve sustainable development while simultaneously seeking social and economic development:
The desire to improve one's lot has been the primary driving force behind human progress. While a few fortunate fellow beings have moved far ahead in this journey of progress, there are many in the world who have been left behind. Nations that are now striving to fulfill this 'right to grow' of their teeming millions cannot be made to feel guilty of their development agenda as they attempt to fulfil this legitimate aspiration. Just because economic development of many countries in the past has come at the cost of environment, it should not be presumed that a reconciliation of the two is not possible.
As a result, an 'emission' ambition gap has been created calling for enhanced global actions to address it. India, even though not a part of the problem, has been an active and constructive participant in the search for solutions. Even now, when the per capita emissions of many developed countries vary between 7 to15 metric tonnes, the per capita emissions in India were only about 1.56 metric tonnes in 2010.
Importantly, there is the admission that solutions continue to be sought. Considering the magnitude of the problem, it is surprising that there has been only a modest amount of work to address it. The example of China is instructive. For instance, Peters et al. [2] and Minx [3] found that, in China, emissions driven by urbanisation and lifestyle changes were growing faster than gains in economic productivity. Policies that could alter the balance were identified, but with full recognition of the political challenges in introducing such policies. Bosetti et al. [4] argued that developing countries would incur substantial economic losses by following a strategy that disregards climate in the short-run, and that their optimal investment behaviour is to anticipate the implementation of a climate policy by roughly ten years. There were, however, no constructive suggestions given as to how this was to be achieved.
Ultimately, the problem reduces to one of achieving sustainable development. The 2002 Johannesburg World Summit on Sustainable Development formalised the recognition that there are three legs to sustainable development, the environmental, the social and the economic [5] .
Previous definitions, such as that by Brundtland [6] , tended to focus on intergenerational equity and neglected the economic dimension. The neglect made practical application of the Brundtland definition difficult, which was why the Johannesburg definition became necessary. Nevertheless, achieving a balance between the three legs remains challenging, and varies in difficulty from case to case. The theoretical background for addressing the problem largely rests on the environmental Kuznets curve [7] . As economies grow, at first environmental degradation outstrips the growth in income, then the point is reached where further economic growth permits environmental remediation [8] . The critical question is, therefore, whether there are signs that economic growth has reached the level at which resources can be diverted from consumptive growth to remediation. Thus the purpose of this paper is twofold. First, to examine linkages between development and energy consumption to identify possible signals of limits to growth, and secondly, to apply that signal to various nations to estimate the proximity of their economies to the Kuznets maximum. From this, it should be possible to derive an estimate of the timing of real emission reductions.
Methodology
Data on many aspects of development were drawn from the World Bank's World Development Indicators [WDI] database [9] . The database was sorted into nations, and data for specific parameters copied for every nation for the latest year for which there was reasonably complete data, generally 2014. There are some 1500 indicators in the WDI database, each identified by an individual code. There is a separate listing of these codes in the WDI database to aid in locating the data. So, for instance, the national energy use per capita, expressed in kg oil equivalent, was drawn for the series coded EG.USE.PCAP.KG.OE for every nation from Afghanistan to Zimbabwe. The primary energy sources -coal, oil, gas, hydro, nuclear, renewable -each deliver so many MJ of energy. For convenience the energy is often quoted in 'oil equivalent'. One tonne of oil is equivalent to about 42 GJ or 12 MWh electricity. Of the 242 records, 36 were groupings of nations such as World, North America, OECD. These were ignored, leaving 216 individual nations, 140 of which reported energy consumption in 2014. In the same way, the gross domestic product (GDP) per capita, purchasing power parity in constant 2011 international USD, was drawn for the same 216 nations for 2014 from the series NY.GDP.PCAP.PP.KD. There were 189 reports of GDP. The two series were sorted on energy consumption. The data were then broken into classes: 0-500 kg oil equivalent per annum, 500-1000, 1000-2000, 2000-5000 and >5000 kg oil equivalent consumption per capita per year. A t-test was used to make certain each class was significantly different from the other classes. In the case of GDP per capita, it transpired that the 0-500 and 500-1000 kg oil classes were not significantly different at the 5% level, so they were run together and treated as a single class for the final analysis. Table 1 gives the statistical analysis of the various classes and Figure 1 shows the results. Please note that the numbers above the bars in all the charts indicate the numbers in the samples (countries, in the case of Figure 1 ). Because the absolute value of t statistic is so much larger than the 95% probability limit, t critical, the probability that the GDP sample in each group comes from a different population is very high.
In Figure 1 , there are 48 countries in the energy use category <1000 kg. The average GDP per capita in these countries is about USD 5200 ±2400 (1 standard deviation). This is clearly less than the average USD 16 700 per capita in the 29 countries in the 1000-2000 kg class, which in turn is less than the average USD 28 900 in the 36 countries in the 2000-5000 class, and so on.
It can only be concluded from this example that there is a very strong relationship between energy consumption and the generation of wealth. As wealth is one of the stronger indicators of development, energy clearly plays an important part in development.
In the study of different indicators, a similar methodology is used to show how these other indicators of development are related to energy consumption. In every case shown, the probability that a particular class is different from the class on either side is greater than 95%.
Analysis

Energy and food
Any attempt to analyse the supply of food soon faces the challenge that today, the majority of the world's population is comparatively well-fed, so that there are only small differences between the different national metrics. Certainly none of the world's wealthier nations admit to any significant level of malnutrition among their citizens. What data is available for 2014 is summarised in Figure  2 . This shows that, for energy use below 1000 kg oil equivalent, there is a strong likelihood that over 15% of the population will be undernourished. Above 1000 kg oil equivalent, less than 7% will be undernourished -not shown, because it is statistically not significant, is that when the energy consumption exceeds 2000 kg oil equivalent, all are effectively properly fed, i.e. there is no undernourishment.
Another way of looking at energy and food is to consider how much energy is expended in agriculture, relative to the energy used elsewhere in the economy. Figure 3 shows the percentage of GDP that is derived from agriculture as a function of energy use. Where energy is in short supply (<500 kg oil equivalent per person), then agriculture is a major factor in the economy, contributing over 25% to the national production. If the economy develops to the point where energy use is over 3000 kg oil equivalent per person, then agriculture contributes less than 3% to national production -the nation is fed without diverting much energy to food.
Energy and water
The provision of clean potable water is almost a marker for social development. Indeed, engineers who have brought clean water to the people have been hailed by the medical profession as saving more lives than any other act of the health professions. The United Nations Resolution 64/292, of July 2010, makes the provision of clean water a human right [10] . Providing clean water requires energy to:
• raise it from where it is found to the level where it is to be used;
• purify it before use;
• distribute it to homes and industries;
• collect it and purify it after use; and • move it to power stations to cool them so they can produce the energy needed for the functions listed above.
On average, about 5% of the total energy used worldwide is employed in the treatment and distribution of water. The extent to which clean water is widely available is illustrated in Figure 4 . If the nation has a low energy use (<500 kg/capita) then it is probable that more than a quarter of the population will not have access to clean water. As energy use increases, so access to clean water improves. Once the energy use exceeds 2000 kg oil equivalent per capita, access to clean water is virtually guaranteed.
Energy and infrastructure
The more developed a nation, the greater are its needs to move goods and services. Roads and rail must link cities and ports, rivers must be bridged, mountains passed or tunnelled, seaports and airports created. The World Bank's database has no indicators of this aspect of development, but extensive data on the length of highways in each country is available from Wikipedia [11] . Wikipedia is arguably a source to be normally avoided, but in the present case the quoted material is all from official sources, and the Wikipedia entry provides a convenient tabulation of otherwise very scattered data. The World Bank lists the land area of each nation, so it is a simple matter to calculate the length of road per unit area. Figure 5 gives the results.
Where the use of energy is below 1000 kg of oil equivalent per capita, there is about 0.2 km of road in every km 2 exceeds 2000 kg of oil equivalent, roadworks extend to nearly 1.3 km for every km 2 . Thereafter the demand for roadworks is essentially saturatedthere is no further increase in the road density. Provision of the necessary infrastructure requires maintenance rather than the expenditure of further capital on roadworks. 
Energy and electricity
Electricity is a secondary form of energy, derived from the primary sources, oil, gas, coal. Energy is far more readily distributed and used in the form of electrons than in any of the primary forms. The convenience and safety of the use of electricity is unmatched by any other source of energy. This is especially true in the case of domestic energy -the home powered by electricity is cleaner, safer, and enjoys a wider range of energy services than can be provided by any other form of energy. The challenge is to distribute the electrons. At present, the optimal solution is the installation of a transmission grid, carrying the electrons at high voltage across long distances, and a local, low-voltage distribution network. There is a great desire to find ways of providing equivalent levels of service through local renewable energy generation feeding a local grid, but lack of efficient means for storing electrons has thus far defeated these hopes. Accordingly, it remains necessary to build expensive transmission grids to deliver electrons to remote areas. An indicator of development is thus the fraction of the population that can be serviced by a national grid. The data are shown in Figure 6 . If the national energy use is less than 500 kg oil equivalent, then less than half the population may have ready access. Energy use has to grow to above 2000 kg oil equivalent for essentially everyone to enjoy the benefits of electrical power.
Energy and education
It is generally supposed that the availability of electric light enables learners to continue their studies at night. The data are limited, but they tend to support this hypothesis. If the national energy use is below 500 kg oil equivalent, then about a quarter of the learners will not complete primary schooling; if the energy use rises towards 1000 kg oil equivalent, over 5% will not complete; if the energy use exceeds 1000 kg oil equivalent, then all will complete their primary education. 
Energy and commerce
There is obviously a need for energy in industry, and particularly in heavy industry. But today, heavy industry tends to be associated with the early stages of development. Secondary industry and commercial services assume a larger role as the economy develops. The result is that there is no strong relationship between energy use and heavy industry. Contrariwise, there is a surprising degree of association between energy use and commerce, because commerce grows as economies develop. Internet use rises, for instance. Modern telephony is a counter-example -mobile phone use has everywhere grown far faster than the underlying economies. At present, there is a strong relationship between the availability of automated teller machines (ATMs) for dispensing cash and energy use, as shown in Figure 8 . Energy-poor nations with <500 kg oil equivalent per person have about 1 ATM per 10 000 citizens; nations whose citizens use more than 2000 kg oil equivalent per person have an ATM for every 1200. However, nothing stands still in business. The days of ATMs are almost certainly numbered. Particularly in Scandinavia, the cashless society is spreading [12] . Will ATMs soon go the way of fax machines? 
Energy and family
The availability of energy creates opportunities for a wider range of activity than otherwise. The data are limited, but the statistics are quite unequivocalthe more energy a society has available to it, the less will be the tendency for women to marry young. If the energy use were <500 kg oil equivalent, then about 30% of all young women may be expected to be married by the time they are 18, a percentage which drops to 10% once energy use exceeds 1000 kg.
Energy and life expectancy
The impact of energy on life expectancy is developing nations is very similar, as Figure 10 illustrates. The World Bank data for life expectancy since 1960 until 2014 was plotted against the per capita energy use for Indonesia, China, India and Brazil, as four of the largest developing nations. In every case, an increase in energy use over the years is associated with a significant increase in life expectancy. The same is not true of developed nations, with energy use in excess of 2000 kg oil equivalent per capita. In this case, there is no relationship between energy consumption and life expectancy.
Discussion and conclusions
Energy has a demonstrable positive impact on almost every aspect of life -health, wealth, nutrition, clean water, transport, education, business, domesticity, and, most importantly, how long we may expect to live. Indeed, it is surprising that noone has suggested that we should have a right to a basic amount of energy, such is the positive impact of energy on human life. The use of energy always has a positive effect, but there are diminishing returns after about 2000 kg of oil equivalent per capita. This thus represents the probable peak in the Kuznets environmental curve, where environmental degradation due to energy production slows and the resources needed for remediation become available. While energy is a necessary component of human development, however, it is not sufficient. There are numerous examples where the benefits of energy have not been equitably spread. This has given rise to the concept of a 'resource curse' [13] . In fact, it is not the resource which is the curse, but the political system which has allowed the few to seize the benefits that should be shared among the many. The wealthiest nation in Africa is oil-rich Equatorial Guinea, with a GDP per capita of over USD 30 000, yet less than half the population has access to clean water, and two-thirds of the population live in slums [9] . The value of energy should not be doubted. It is rarely recognised that the cost of unserved energy can be as much as 100 times the cost of providing energy. In 2008, the immediate impact of the loss of reliable power in South Africa was about ZAR 75/kWh unserved; the price of power at that stage was about ZAR 0.40/kWh. The value lost in the North-East power failure in the USA in August 2003 was about USD 8/kWh [14] , which is comparable to the South African cost. It appears, however, as if this should be viewed as an instantaneous cost; as people adapt to repeated power failures, so they take steps to minimise the impact by, for instance, installing generators. Thus the present-day cost of unserved power in South Africa is more of the order of ZAR 8/kWh [15] , which is essentially the cost of running a standby generator at a low load factor.
Where should the energy come from? At present, over 80% of the primary energy in the world is derived from fossil fuels, oil, coal and natural gas [16] . Fossil energy will probably remain the major source of energy for more than a generation. So the question underlying the Indian report to the Paris Conference of Parties in 2015 is, if developing nations are to develop to the point where the per capita energy consumption is of the order of 2000 kg oil equivalent, will it be possible for the developed world to curtail its emissions so that globally the Paris targets are achieved? At present, total CO 2 emissions amount to about 33 500 million tonnes globally, of which the developed OECD nations contribute about 12 500 million tonnes [16] . The change in energy use and CO 2 emissions since 1965 is shown in Figure 12 . The OECD emissions appear to be following a downward curve since 2007. It seems entirely possible that they have passed the Kuznets peak and that their emissions will continue to fall for the foreseeable future. In contrast, the non-OECD emissions have surged in this millennium, and seem likely to continue to rise rapidly, particularly if every developing nation strives for per capita consumptions of the order of 2000 kg per annum, nearly double present levels. This would imply peak non-OECD emissions of the order of 40 000 Mt per annum and global emissions of the order of 55 000 Mt per annum. Any consideration of Figure 12 , in light of the fact that the Paris Agreement is binding only on developed countries, leads to the conclusion that, at best, the Parties to the Agreement are optimistic. A more rational assessment of their hopes for a longterm reduction in emissions can only be that they are mistaken. 
